AGEE  and  ROBERTS 


A 

AD  025  971 


197^ 


THE  BIVEWriON  AND  DEVELOPMENT  OF  PLACER 


ytflD  'C^ 


FORREST  J.  AGEE,  Ph.D 
HUE7  A.  ROBERTS,  Ph.D 
HARRY  DIAMOND  LABORATORIES 
ADELPHI,  MD  20783 


JUt  80  1976 


INTRODUCncS^.-- The  inportance  of  hardening  the  SAFEGUARD 
System  to  DIP  was  established  in  the  turbulent  arguments  of  con- 
plexity  and  potential  vulnerabilily  of  any  ABM  system  during  the 
deployment  debates  of  the  late  1960s.  During  the  course  of  I3ie 
considerable  effort  to  achieve  the  operational  Grand  Forks  Tactical 
Site,  a unique  problem  was  posed  hy  the  over  40  miles  of  buried 
conduits  which  fomed  part  of  the  shielding  for  the  control  and 
power  cables  connected  to  each  missile  cell.  Since  these  conduits 
were  buried  less  than  a skin  depth  deep,  they  constituted  major 
receiving  antennas  for  E^ff  and  li^tning.  It  was  recognized  Ibat  a 
nondestructive  test  technique  was  needed  1iiat  would  permit  verifi- 
cation of  the  shielding  provided  by  the  conduits,  initially  to 
verify  adequacy  of  construction,  and  periodically  through  the 
system  life  to  insure  "^t  rust,  freezing,  or  ground  movement  had 
not  degraded  the  conduit  system  in  such  a way  as  to  compromise  Idle 
protection  afforded  by  it.  The  Harry  Diamond  LaboratOT’ies  was 
tasked  by  the  SAFEGUARD  Systems  Command  to  develop  such  a technique. 
A survey  of  methods  used  by  oil  companies,  power  companies,  and 
other  users  of  pipelines  and  conduits  disclosed  that  no  technique 
was  available  which  would  be  suitable  for  an  EMP  threat-relatable 
assessment.  A program  was  initiated  to  proceed  through  several 
phases  to  identify  pxjssible  approaches,  to  experimentally  evaluate 
the  most  premising  ones,  and  to  develop  and  field  the  one  most 
suited  for  inclusion  in  the  SAFEGUARD  Rxsteotida  Integrity  Main- 
tenance Program  (PIM).  Shortly  after  tht'  PIM  Program  began,  water 
was  discovered  pouring  out  of  some  of  1die  power  and  ccnraunicaticns 
conduits  during  cable  pulling  at  the  missile  fields,  and  a sense  of 
urgency  and  increased  visibility  were  added  to  the  effort. 
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Technically,  the  problem  was  to  test  the  shielding  provided  by 
2-and  4-in.  steel  conduits  containing  power  or  control  cables 
buried  at  depths  from  6 to  12  ft  and  to  determine  how  to  measure 
the  effects  of  single  and  multiple  flaws  in  the  conduits  when  exposed 
to  EMP  from  a hi^-altitude  nuclear  burst.  The  ccndi^ts  \^re  laid 
in  a network  of  conduit  banks  of  varying  cross  section  with  as  many 
as  35  conduits  near  terminal  structures  and  eventually  as  few  as  one 
or  two  conduits  at  the  entry  points  to  missile  launch  stations.  The 
conduits  were  located  at  five  missile  sites  with  typical  conduit 
lengths  varying  from  100  to  500  ft  between  shielded  structures 
(manholes,  terminaUL  slructures,  control  buildings,  and  missile  cells). 
As  the  conduit  banks  prxxieeded  from  power  or  control  cable  distribu- 
tion points  out  into  the  missile  fields,  groups  of  conduits  were 
directed  away  from  the  madn  conduit  runs  at  nanhole  structures  dr  at 
bfan^  points  in  the  missile  fields.  This  situation  posed  a com- 
plexity in  terms  of  conduit  current  sharing  which  had  to  be  resolved 
to  conduct  a Ihreat  analysis.  Since  the  conduits  waro  buried  in 
ear*A  in  close  projdmity  (compared  to  a skin  depth  for  wavelengths 
of  interest  fcr'EMP)  in  the  conduit  baics,  it  was  clear  that  there 
should  be  some  current  sharing,  with  outer  conduits  probably  carry- 
ing more  of  the  current  than  inner  cnes.  VJhat  was  not  clear  was 
how  the  sharing  would  go  and  how  to  account  for  it  in  relating  any 
kind  of  test  data  to  the  threat  , which  had  been  formulated 

analytically  in  terms  of  tte  current  which  would  be  induced  cai  a 
single  conductor,  taking  into  account  soil  conductivily,  depth  of 
burial,  and  other  relevant  parameters.  Little  was  known  about  vhat 
kind  of  flaws  mi^t  exist  in  Conduit  systons  which  would  be  important 
from  an  EM  shielding  stmdpoint.  It  was  apparent  that  a detailed 
knowledge  of  classes  of  probable  types  of  flaws  would  be  required 
since  it  was  improbable  that  a technique  would  be  developed  which 
would  exactly  duplicate  an  EMP  excitation.  Hence,  supporting  analysis 
would  require  a knowledge  of  characteristics  of  flaws  as  a function 
Of  frequency  and  anplitude.  To  this  end,  a program  of  field  and 
laboratory  tests  on  conduits  and  types  of  possible  flaws  was  under- 
taken at  the  Woodbridge  Research  Facili-^.  The  program  began  with 
studies  of  a single  buried  conduit  and  laboratcxy  tran^ssion- 
line  measurements  on  single  flaws  and  progressed  in  stages  to  3ncre 
complicated  field  test  models.  Since  the  conduits  were  constructed 
by  joining  10-ft  lengths  of  steel  pipe  together  with  -direaded  coup- 
lings and  unions,  several  joint-type  flaws  were  possible,  including 
rusted  threads  and  loose  and  misaligned  unions,  as  well  as  cracked, 
fractured,  rusted,  or  improperly  assembled  conduit  sections  and 
flex- joints. 
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It  was  decided  to  ccncentrate  the  HDL  resources  on  Ef'I  tech- 
niques, since  these  appeared  to  offer  the  greatest  potential  for 
achieving  a tlireat-relatable  assessment.  Another  factor  was  that 
other  organizations  were  conducting  visual  inspections  of  the  inter- 
ior of  the  conduits  by  use  of  miniature  television  cameras  and 
doing  air-leak  testing.  Altogether,  five  EM  techniques  were  tried 
out  on  the  single  and  five  conduit  test  models,  which  contained  var- 
ious flaws  (broken  conduit,  rusted  couplings,  and  the  like).  IWo 
CW  techniques  (1,2)  were  evaluated  through  contractor  efforts  and 
three  time-domain  techniques  were  tried  using  HDL  develop^  simulation 
equipment  which  was  tailored  to  suit  the  conduit  application.  C17 
techniques  were  found  to  be  inferior  to  the  pulsed  techniques  in 
testing  at  the  conduit  test  models,  especially  when  multiple  flaws 
were  present  in  a conduit. 


THE  INVENTION  OF  PLACER. — Figure  1 shows  a dual-loop  version 
of  Pulsed  Loop  Antenna  Conduit  Electromagnetic  Radiator  (PLACER) 
used  during  the  prelimihafy  experiments  to  excite  a buried  conduit. 
The  loops  were.  <^iven  in  parallel  by  discharging  a storage  capacitor 
across  a spark  gap  in  series  with  each  loop  terminated  in  40  ohms. 
Thus  PLACER  w;^  singly  a pulse-driven  series  LRC  circuit.  The 
initial  experiments  were  conducted  using  a test  model  which  con- 
sisted of  a 2-1/2-in.  ID  conduit,  100  ft  long,  which  was  buried  at 
a depth  of  3 ft.  One  end  of  the  conduit  was  secure  to  a shielded 
instrumentation  box,  while  the  other  end  was  sealed  with  a threaded 
end  cap.  Both  ends  of  the  conduit  were  grounded  using  4-ft-long 
ground  rods  driven  into  the  earth.  Conduit  current  was  measured 
by  using  a clan^on  type  of  current  probe.  Inside  the  conduit, 
a cable  (sense  wire)  extended  the  entire  len^  of  the  conduit  and 
was  terminate  in  the  characteristic  impedance  of  the  conduit-sense- 
wire  ti'ansmissibn  line.  Current  which  was  coupled  onto  the  sense- 
wire  at  the  conduit  flaw  was  monitored  inside  the  shielded  enclosure 
by  using  ah  oscilloscope  and  a camera.  The  oscilloscope  was 
powered  by  a storage  battery  and  invertor. 

In  order  to  couple  current  onto  the  conduit,  PLACER  was 
positioned  about  1 ft  aboveground  and  parallel  to  the  gromd.  V/hen 
the  cent^  of  the  loop  was  directly  over  the  buried  conduit,  the 
conduit  current  was  zero,  and  the  current  was  observed  to  reverse 
polarity  as  the  loop  was  moved  in  a perpendicular  direction  across 
the  conduit.  In  this  maiiner,  it  was  possible  to  locate  lire  buried 
conduit  very  precisely  by  observing  the  nulling  effect  in  the 
conduit  current  or  in  the  sense-wire  current  when  a conduit  flaw  was 
present.  Sie  optimum  range  for  coupling  the  maximum  current  onto 
the  caiduit  was  5 ft  between  the  center  of  the  loop  and  the  point 
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directly  above  the  ccnduit  opposite  PLACER.  Figure  2 shows  the 
waveform  of  the  conduit  current  which  was  measured  opposite  PLACER 
when  it  was  positioned  5 ft  fron  the  conduit.  The  breakdcwn  voltage 
was  85  kV. 


Fi^ore  2.  Ccnduit  Curx^t  Wavefom,  26.6  A/div,  500  hs/div. 
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During  the  course  of  the  preliminary  exoeriments , several 
spark  gap  pulsers  were  used  to  drive  the  9-ft-diameter,  two-tum 
parallel  loop  antenna.  The  pulser  breakdown  voltage  a:id  storage 
capacitance  were  varied  to  determine  their  influence  on  the  current 
coupled  onto  the  buried  conduit.  The  peak  conduit  current  increased 
linearly  as  the  breakdown  voltage  was  varied  fixm  20  to  100  kV; 
however,  the  conduit  current  wavefcarm  was  not  significantly  different 
for  a storage  capacitance  of  5nF,  0.3  jy?  oc  Hence,  the  wave- 

form was  determined  primarily  by  the  loop  diameter  and  "^e  combined 
20-ohm  load  resistance  used  throughout  the  experiments. 

Figure  3 shows  a cutaway  view  of  the  experimental  arrange- 
ment for  -the  prelimina^  evaluation  of  the  PLACTO  technique  for  loca- 
ting conduit  flaws,  using  the  single  buried  conduit.  The  conduit 
fault  was  a 5-in.  transverse  slot  introduced  into  the  conduit.  The 
sense  wire  was  lying  inside  the  2-1/2-in.  ID  conduit  opposite  the 
upward  turned  slot.  The  variation  of  the  peak  conduit  current  with 
perpendicular  range  from  the  conduit  is  shown  in  figure  4.  With 
PLACER  positioned  at  the  optimum  distance  of  5 ft  from  the  conduit , 
PLACER  WM  moved  parallel  to  the  conduit.  The  peak  conduit  current 
for  the  parallel  ^eep  along  the  conduit  is  shown  in  figure  5.  A 
siMl^  plot  of  the  peak  sense-wire  current  resulting  from  the  trans- 
verse slot  is  shown  in  figure  6.  The  strong  peaking  effect  shown 
in  figures  5 and  6 resulted  from  the  ccmbihed  effects  of  the 
localized  excitation  frem  the  loop  antenna  and  the  attenuation  of 
the  current  pulses  as  they  propagated  down  the  conduit,  which  was 
surrounded  by  the  lossy  earth  medium.  The  more  pronounced  peaking 
effect  in  the  sense-wire  current  resulted  from  the  fact  that  the 
slot  preferentially  coupled  high^  frequency  current  onto  the  sense 
wire.  vJhen  a rusted  coupling  was  introduced  as  the  conduit  flaw, 
the  peaking  effect  and  the  waveform  of  conduit  and  sense-wire  cur- 
rents were  similar  ( data  hot  shown). 


SAFEGUARD  SYSTEM  DEVELOPMENTAL  TESTING.— In  October  1973 
a significant  opportunity  was  exploited  to  test  the  feasibility 
of  the  three  best  approaches  at  one  of  the  Sprint  Launch  Sites 
(RSL  1)  as  an  added  effort  in  an  EMP  test.  This  test  ^so  provided 
a vehicle  to  resolve  the  current  sharing  problem.  In  support  of 
a Corps  of  Engineers  program  to  evaluate  the  hardening  provided  by 
the  site  construction,  HDL  developed  a portable  250  kV  biconic- 
dipole  re^titively  pulsed  simulator  (fig.  7)  which  covild  be 
suspended  from  a crane.  The  test  plan  was  expanded  to  include 
digging  two  shafts  so  that  conduit  current  measurements  could  be 
made  during  the  EMP  testing  on  a bank  containing  20  conduits.  In 
addition,  it  was  ^ssible  to  arrange  for  clamp-around  current  probes 
to  be  attached  to  conduits  at  the  Missile  Site  Radar  (f-lSR) 


Figure  3.  Cutaway  Viw  of  Single  Buried  Conduit  Test  Model. 


Figure  4.  Peak  Conduit  Current  Variation  With  Range  frdn  85-kV 
PIAGER. 
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Collocated  Missile  Field  so  that  PIM  experimentation  and  calibration 
could  be  conducted  liiere  as  well  as  at  the  RSL  1 test  site.  The 
tests  were  made  possible  by  the  expedited  development  of  5-in. 
window  Stoddart  current  probes  which  were  sized  to  fit  in  the  con- 
duit banks. 


Figure  7.  250-kV  Biccne-Dipole  EMP  Simulator  at  RSL  1. 


The  conduit  testing  at  1 consisted  of  conduit  current 
measurements  with  the  conduits  excited  by  the  biccne-dipole  simu- 
lator (fig.  7)  and  by  the  85-kV  vision  of  PLACER  (fig.  1).  The 
conduit  current  m^urements  indicated  that  both  the  EMP  simula- 
tor and  the  pulsed  loop  exhibited  similar  conduit  current  distribu- 
tions among  the  conduits  in  the  b^  ^d  that  the  greatest  current 
in  both  cases  appeal^  on  cdrher  conduits,  with  outer  conduits 
having  the  effect  of  shielding  inner  ones,  as  exj^cted.  Subs^uent 
measurements  on  a single  buried  conduit  in  the  vicinity  of  a missile 
cell  showed  that  the  current  on  a top  comer  conduit  in  a bank  was 
25  percent  of  Idiat  induced  oh  a single  buried  conduit.  These  data 
provided  the  scaling  needed  to  relate  test  calibration  data  taken  on 
a top  comer  conduit  to  the  single  buried  conduit  malirtical  thr^t 
current,  as  well  as  providing  a direct  accounting  for  conduit  cir- 
rent  shying,  the  testing  at  RSL  1 also  provided  a bonus  which  v;as 
to  be  significant  to  the  program.  The  conduit  iiiuminatioh  by  the 
EliP  simulator  was  being  manitcsred  by  measurements  of  curr^t  in- 
duced on  Launch  Enable  and  Status  Order  (LE  and  SO)  cables 
inside  the  Remote  Launch  Orations  Buildings  (l^B).  It  was 
discovered  that  relatively  large  currwts  were  col^jled  onto  the 
cables  inside  the  conduit  leading  to  Sprint  Cell  8.  This  dis- 
covery did  hot  cora^late  with  the  results  of  earlier  air-leak 
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testing,  which  had  not  identified  a major  air  leak  in  this  conduit 
but  had  indicated  only  a minor  one  near  the  RLOB,  This  provided  an 
oppOTtunity  to  denonstrate  PLACER  flaw  location  technique  in  situ  in 
a missile  field;  however,  there  were  several  difficulties  wliich  had 
to  be  overcome. 

The  construction  and  equipment • installation  activities 
underway  at  the  time  precluded  IMP  test  operations  except  at  night  at 
RSL  1.  Tne  PLM  activities  constituted  therefore  an  added  effort  to 
an  already  time-constrained  test  schedule,  and  the  presence  of 
additiaial  current  and  field  pulses  from  "^e  loop  could  conceivably 
interfere  with  the  principal  test  objectives.  Consequently,  the 
PLACER  testing  had  to  be  conducted  on  a noninterference  basis  v;ith 
the  IMP  test.  The  early  experimental  version  of  PLACER  was  then  con- 
figured so  that  it  had  to  be  taken  apart  to  be  moved.  This  problem 
was  overccme  by  constructing  a crude  sled  of  plywood  and  two-by-foiffs 
a^-by  tying  the  pulser  and  antennas  to  the  sled.  The  weather  during 
•^e  testing  was  seasonal  for  October  and  November  in  North  Dakota, 

The  20-ldiot  winds  and  near  zero  temperatures  combined  with  the  sna-J 
had  been  a hindrance  up  until  this  point.  However,  the  sncw  and  ice 
Ifide  it  somwhat  easier  to  drag  the  sled  alongside  the  locus  of  the 
ccnduit  bank.  The  major  flaw  was  located  very  near  the  missile  cell, 
and  a.  minor  flaw  was  also  located  near  the  RJLOB.  The  PLACER  tech- 
niq^- described  earlier  caused  a current  nulling  when  the  antenna 
was  directly  over  a conduit  and  a reversal  when  it  was  moved  to  the 
opposite  side  of  the  conduit.  This  property  was  used  to  verify  that 
the  flaw  was  in  the  conduit  itself  rather  than  a shielding  deficiency 
in  the  missile  cell. 

The  supplementary  testing  at  the  MSR  Collocated  Missile 
Field  verified  that  three  pulsed  tecdmiques  (the  pulsed  transmission 
line,  the  pulsed  dipole  (3)  and  PLACER)  were  capable  of  driving 
adequate  currents  on  conduits  for  testing  and  further  verified  the 
test  calibration  approach  which  was  adopted.  The  unique  ability  of 
PLACER  to  locate  flaws  as  well  as  to  indicate  their  presence  ^d 
magnitude  led  to  further  development  of  PLACER  as  the  test  technique 
for  both  the  initial  assessment  and  subsequent  PIM  testing  of  tdie 
missile  field  conduits. 

THREAT  ANALYSIS. — ^While  the  PLACER  technique  is  adequate 
for  detecting  and  locating  conduit  flaws,  it  does  not  simulate  a 
nuclear  Ei#  environment.  The  frequency  content  of  PLACER  induced 
conduit  current  is  limited  by  the  loop  dimension,  while  the  current 
amplitude  is  determined  by  the  breakdcwn  voltage  Of  the  spark  gap. 
Therefore,  a threat-relatable  conduit  assessment  using  the  PLACER 
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requires  ^ditioial  and  ccmpleanentary  infomation  concenijjig  the 
characteristics  of  conduit  flaws  and  propagation  of  currents  within 
the  conduit  system. 

The  current  induced  oi  an  interior  cable  at  the  site  of  a 
conduit  flaw  can  be  described  in  terms  of  a flaw  impedance  ( a 
cliaracteristic  of  the  flaw),  the  current  on  the  outer  surface  of  the 
conduit,  and  the  characteristic  ii?>edance  of  the  conduit-cable 
transmission  line.  In  the  frequency  domain,  these  quantities  are 
related  by 


Iq(w)  Zp(w) 

(1)  .Io<w)  = 

22o  + Zf(w) 

where  w is  the  angular  frequency,  IqCw)  is  the  induced  current, 

Iq(w)  is  the  conduit  current,  Zp(w)  is  the  flaw  impedance,  and  is 
the  characteristic  inpedance  of  the  conduit-c^le  line.  The  total 
cable  current -at  any  point  y in  the  cchduit  system  can  then  be 
expressed  as 

(2)  Ig  <w,y)  = Iq(w)  H(w,y) 

where  H(w,y)  is  the  Fourier  transform  of  the  system  response  to>  a 
unit  iipluse  curr^t.  The  syst^  function  H(w,y)  is  conpletely 
determined  by  the  toansmission-line  characteristics  and  load  inrc- 
dance  of  the  conduit -cable  line.  Fqp  most  cable  configurations  at 
SAFEGUARD,  H(w,y)  is  d^ivable  frtm  simple  transmissich-lihe  consid- 
erations. In  other  cases  of  interest,  the  impulse  response  can  be 
determined  by  observing  the  PLACro  induced  cable  current  at  selected 
points  along  the  cable  route.  Considering  ■the  length  of  the  cables 
(500  to  1500  ft) , the  PLACER  induced  conduit  oirrent  (arid  hence 
induced  cable  cufr^t)  appimximates  an  inpulse  (4). 

Equation  (2)  can  be  readily  transformed  to  repress  the 
total  cable  curr^t  as  a function  of  •time.  The  calculate  cable 
curt^t  can  "then  be  compared  with  the  current  levels  which  cause 
upset  dr  damage  to  the  system.  These  current  levels  have  be^ 
determined  by  •the  weapons  system  con^tnractors  (5,6). 

In  most  cases,  Zp  is  much  less  than  Zq.  V^en  it  is  not, 
the  cable  current  becemes  comparable  •to  the  cchduit,  cicr^t,  in 
which  case  'the  Conduit  should  be  repaired.  For  the  special  case  of 
a completely  brdk^  cchduit , Zp  is  infinite , and  equation  (1) 
becomes  Io(w)  = I<j(w). 
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Equation  (1)  can  be  rewritten  for  the  case  Iq  <'<  Iq  (snail  flaws); 

2Zq  IqCw)  Zp(w)  IqCw) 

(3)  Zp(w)  = , or  = . 

Ic(w)  2Zq  Ic(w) 

Therefore,  in  order  to  characterize  each  type  of  coiviuit  flaw,  it  is 
sufficient  to  measure  Io(w)/Ic(w)  over  the  appropriate  frequency 
range.  A study  of  the  conduit  flaw  characteristics  was  conducted  in 
the  laboratory  (4).  These  experiments  used  current  injection  tech- 
niques to  couple  current  onto  the  outer  surface  of  a short  section 
of  conduit  into  which  flaws  were  introduced  one  at  a- time.  The  con- 
duit contained  a sense  wira  terminated  at  both  ends  in  the  charac- 
teristic impedance  (100  ohms)  of  the  conduit-sense-wire  transmission 
line.  The  ratio  of  the  sense-wire  current  to  conduit  current  was 
monitored  as  a function  of  both  time  and  frequency  to  measure  the 
transfer  characteristics  of  apertures,  rusted  couplings  and  unions, 
and  thin  flexible  sections  of  conduit  (flex-joints).  The  coupling 
through  apertures  was  observed  by  first  increasing  tiie  length  of  a 
0. 040-in. -^ide  transverse  slot  in  the  conduit  from  1 to  5 in.  and 
then  increasing  the  slot  width  fixan  0.040  to  2 in.  The  coupling 
through  rusted  connectors  was  investigated  at  currents  both  below 
and  aba;/e  the  threshold  currents  required  to  produce  arcing  across 
the  rusted  surfaces.  It  was  considered  necessary  to  investigate 
nonlinear  effects,  such  as  arcing,  because  the  field  tests  using 
PLACER  are  conducted  at  cvnrrents  far  below  the  threat-level  currents 
which  could  cause  arcing. 

Based  on  the  laboratory  studies,  the  foUcwing  general 
statements  can  be  made  concerning  the  coupling  of  EMP  induced 
currents  through  conduit  flaws: 

1)  Below  lOkKz,  the  thin-wall  flex- joints  provide  roughly  100  dB 
of  shielding  and  vri.th  increasing  frequency  Ihe  shielding  iirproves 
considerably.  The  low  frequency  shielding  is  directly  proportioned 
to  the  wall  thickness  of  the  flex-joint. 

2)  Coupling  through  apertures  increases  linearly  with  frequency. 
The  magnitude  of  the  coupled  current  (although  quite  small  iri  the 
EMP  ft^quency  range)  is  proportional  to  the  third  power  of  the  cir- 
cumferential length  and  to  the  first  power  of  the  longitudinal 
length. 

3)  A properly  installed  clean  coupling  or  union  provides  more 
than  140  dB  of  shielding.  Hcwever,  if  the  joint  is  rusted  or  dirty 
so  that  no  metal-to-metal  contact  is  provided,  and  if  arcing  does 
not  occur,  liien  the  I’esulting  flaw  iupedance  (which  can  be  very 
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large  in  the  case  of  rust)  is  predominantly  resistive.  In  this  case, 
the  induced  sense-wire  current  wavefom  is  nearly  identic^  to  the 
exciting  conduit  wavefom.  t/hen  the  conduit  current  is  sufficient 
to  induce  arcing,  the  ratio  of  the  sense-wire  current  to  conduit 
current  is  reduced,  althou^  the  two  current  waveforms  in  this  case 
are  quite  dissimil^.  Thus,  the  onset  of  arcing  functions  as  a 
protecting  mechanism  by  reducing  the  flaw  in^edance.  Althou^  most 
of  the  rusted  joints  studied  w^  obs^ed  to  arc,  the  e:q>erimental 
results  indicate  that  it  is  hot  possible  to  predict  a threshold 
conduit  current  at  whidi  arcing  will  begin. 

4)  In  perfomihg  a threat-related  analysis  using  PLACER  test 
data,  the  visual  inspection  of  the  data  identifies  the  flaw  as  being 
either  an  apertxjre  flaw  or  a joint-type  flaw,  and  the  an^litude  of 
the  PLACER  data  fixes  its  magnitude  ov^  the  frequency  range  of  the 
PLACER  test  data.  This  aiiqjlitude  coupled  with  the  ft^quenc^r  depen- 
dence common  to  the  class  of  flaw  provides  the  frequency-dependent^ 
flaw  inpedance  for  a convolution  integration  with  i^e  tdireat  conduit 
current.  For  a joint-type  flaw,  this  frequency  dep^dence  is 

(4)  Zp  = Constant 

For  an  aperture  flaw,  the  frequency  dependaice  is 

(5)  Zp  = k i w , 

where  k is  a constant  and  i is  . The  frequenc?^  dependence  of  a 
flex- joint  is  also  known  <4).  However,  the  IDielihood  of  detectiaig 
one  ejdTibiting  tdie  referenced  fr^u^ky  dep^dence  is  rerote,  even 
in  tdie  extreme  case  of  corrosion,  idnde  ape?tures  would  appear  long 
before  the  wall  thickness  wquld  beccme  tlim  otoi^  to  produce  a 
measurable  flaw.  Comode^flex-jcants  would  tii^fore  first  appear 
as  aperture  flaws.  The  conclusion  of  Hje  testing  of  the  various 
types  of  flaws  was  that  only  circumfar^tial  joint-type  flaws  were 
ing)0!rtant  (e.g,  broken  caiduit,  rusted  couplings,  or  oilier  flaws 
which  introduce  a si^iificaht  fl^  iiipedance  into  a conduit) , and 
for  these,  the  flaw  inpedahce  is  a constant  over  the  frequency 
range  of  interest. 

THE  FIELDED  PDl  T^  USING  PLACER.— The  testing  was  con- 
ducted in  two  phases  using  PLACER  in  a 3CkV  cartHwounted  single-loop 
ccHifiguration  with  an  oh-bd^  powi^  supply  powered  by  a small  3i-V 
battery.  In  the  first  phase,  the  PLAGER  unit  (fig.  8)  waS  pdHed 
along  both  sides  of  llie  conduit  baric  at  a range  of  9 ft  between  the 
cdit^  of  the  loop  and  the  c#ter  of  the  conduit  bank.  The  cables 
inside  each  conduit  (power  dr  L£  and  SO)  were  monitdred  using  a 
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clanp-around  current  probe  at  the  cable  entry  point  to  the  RLDB  or 
at  a manhole.  A current  probe  was  connected  to  a voltage  pulse 
level  detector.  The  level  detector  was  adjusted  to  give  an  alarm 
if  current  pulses  above  a predetermined  sure-safe  level  were  induced 
on  the  cable  as  PLACER  was  moved  along  the  conduit  bank.  When  a 
signal  was  detected  above  the  threshold  level,  the  location  was 
noted  and  narked  for  subsequent  flaw  location.  The  second  phase  of 
testing  consisted  of  precision  flaw  location  in  which  PLACER  was 
moved  in  a prescribed  fashion  (7)  in  the  vicinity  of  tine  location 
where  the  flaw  was  detected,  and  measurements  v^ere  made  as  a 
function  of  loop  position  by  using  an  oscilloscope  (fig.  9). 
Folladng  the  testing  of  all  of  the  conduits  at  the  missile  fields 
(8),  a threat  analysis  was  performed  (4),  and  those  flaws  which 
posed  a potential  threat  to  the  system  were  excavated  and  repaired. 
The  PLACER  was  then  used  again  during  repair  operations  (fig.  10) 
to  verify  adequate  repair. 


Figure  8.  (Left) 

PLACER  Flaw  Detection 
at  RSL  Site. 


Figure  9.  (Right) 
Instrumentation  for  Flaw 
Location  at  RSL  Site. 
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Figure  10.  PLACER  Conduit  Repair  Verification  at  MSR  Site. 

CONCLUSIOHS. — The  development  of  PLACER  has  provided  the 
Amy  vdth  a means  for  testing  the  shielding  of  buried  conduits  in 
hardened  facilities  for  AH'!  or  other  systems.  In  the  broader  sense, 
the  experience  gained  dicing  the  constructiOT  of  the  buried  test 
models  at  Woodbridge  and  in  the  repairs  at  Grand  Forks  has  provided 
an  eroeriential  base  for  constructing  bett^  cmduit  systems  in 
future  applications. 

It  was  leained  that  it  is  relatively  easy  to  join  2-in. 
conduits  which  were  used  for  most  of  the  power  conduits  in  the 
SAFEGUARD  site;  consequently,  there  were  relatively  few  problems  in 
the  power  conduit  system.  One  notable  exception  was  a severe  flaw 
which  was  the  result  of  not  joining  the  conduit  at  all  at  a point 
where  a field-constructed  nipple  proved  shorts  than  a gap  which 
was  sinply  taped  over,  rather  than  cutting  a section  that  would  fit 
to  join  the  two  sections  together.  The  4-in.  conduits  were  a dif- 
ferent natter.  It  was  observed  at  VJoodbridge  that  joining  the 
sections  together  to  a prescribed  torque  did  not  in  itself  insure 
that  many  threads  woiild  be  engaged,  unless  someone  relieved  Idle 
moment  by  supporting  the  end  of  the  conduit  sections  while  they  were 
being  torqued  tightly.  Professional  electricians  eiroloyed  by  the 
contractor  to  assemble  the  16-ccnduit  test  model  did  not  achieve 
tight  joints  until  they  were  coached  in  proper  assembly.  The 
explosive  type  of  unions  used  in  the  construction  of  the  conduits 
leaked  water  even  when  installed  properly,  but  these  unions  were 
not  necessarily  any  more  likely  than  a coupling  to  induce  an  EM 
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'iTie  data  developed  during  air-leak  testing  and  ccaiduit 
interior  TV  inspections  were  not  correlatable  vdth  EM  flaws.  The 
latter  proved  to  be  of  some  aid  as  a supplement  to  PIACER  testing 
to  give  precise  locations  of  joints  along  the  conduit  run;  however, 
it  was  not  possible  to  detect  shielding  flaws  by  inspection. 

The  flaw  characterization  studies  indicated  that  it  would 
be  best  to  weld  the  conduits  to  the  couplings  and  unions  in  at 
least  one  spot  to  preclude  possible  joint-type  flaws.  A repair 
technique  for  joint -type  flaws  consisted  of  a sheet-metal  clam^ell 
formed  to  fit  over  a union  or  coupling.  This  repair  was  found  to 
work  well  in  eliminating  shielding  flaws  when  clamped  to  the  bare 
conduit  on  each  side  with  a liberal  coating  of  conductive  paste  to 
insure  good  contact.  Based  upon  the  lessons  learned  and  the  PLACER 
technique,  it  is  new  possible  to  insure  adequate  conduit  shielding 
effectiveness  in  mission  critical  conduits. 

Althou^  PLACER  was  developed  for  an  EMP  application, 
it  should  provide  a solution  to  a wider  class  of  shielding  and 
nondestructive  test  app-iications  for  which  shielding  of  buried 
conductors  is  desirable  for  reasons  of  security  or  protection  from 
other  EM  threats. 
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